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Abstract: In the present study, the effects of postnatal development on the number and distribution of skeletal mus- 
cle fibers of different types in hind leg of rat and rabbit were studied. The soleus muscles of rats aged 2 days, 2, 4, 6, 
8, and 10 weeks (body weight 10, 32, 95, 190, 280, and 320 g), and rabbits aged 2 days, 2, 4, 8, 12, 16, 
20, and 24 weeks (body weight 100, 220, 400, 750, 1200. 1600, 2 100, and 2 500 g) were stained with succinic 
dehydrogenase. With an image analysis system, the X-Y coordinates of fibers were used to analyze the growth-related 
changes. The results of present study showed that three types of fibers were found in the soleus muscles of rat and rabbit, 
i.e., type I (slow oxidative), TX (fast oxidative), and [[ A (fast oxidative glycolytic). The type I fibers were pre- 
sent throughout the muscle that had a uniform distribution and tended to increase in number with aging. Type |I X fibers 
were scattered throughout the muscle and decreased markedly in number with aging. Type I] A fibers were located at the 
central and deep regions, and showed a little or no change in number and distribution with aging. While be of age, type 
I[ A and [I X fibers became restricted to the superficial region. No type I] B fibers were detected. Type J] A fibers had 
the largest diameter, type I intermediate and type [] X the smallest. Mean cross-sectional area of each type fibers of 
rabbits was larger than that of rats. The present results indicate that the number and distribution of muscle fibers of differ- 
ent types in hind limb of rat and rabbit change with the process of postnatal growth . 
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Mammalian skeletal muscles are classified into red and white muscles. The red muscle mainly comprises 
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type I fibers that show slow-twitch oxidative, fatigue 
resistant properties. On the other hand, the white 
muscle comprises type [| fibers that show fast-twitch 
glycolytic, fatigue properties (Guth & Samaha, 
1969). Type II fibers are further divided into [| A 
and [[ B subtypes based on their succinic dehydroge- 
nase (SDHase) activity (Reichmann & Pette, 1982; 
Zhu, 2003a, b) and myofibrillar adenosine triphos- 
phatase (mATPase) activity (Tunell & Hart, 1977; 
Hennig & Lomo, 1985). Based on their metabolic 
and contractile properties, type I, IA, and IB 
fibers in many species are corresponded to slow-twitch 
(SO), fast-twitch glycolytic 
(FOG ), fast-twitch glycolytic (FG), respectively 
(Peter et al, 1972; Zhu et al, 2002). In the normal 
rat and rabbit, type I, I X/ID, IA and IL B 
could be identified ( Gorza, 1990; Lexell et al, 
1994) and seem to be closely related to SO, FO (fast- 
twitch oxidative), FOG and FG respectively (Graziotti 
et al, 2001). The oxidative enzyme content of type 


oxidative oxidative 


II X/II D was confirmed as intermediate type between 
I and [[A fibers (Pellegrino et al, 2003). We ex- 
pressed type II X/Il D as type II X in the present 
study. 

The fibers of four types are distributed heteroge- 
neously in skeletal muscles (Lefaucheur et al, 2002). 
The number of fibers of each type in any skeletal mus- 
cle could change with maturation, aging, exercise and 
different pathological conditions (Ozaki et al, 2001; 
Gojo et al, 2002; Russell et al, 2003; D'Antona et 
al, 2003) and with surgical operations ( Beitzel et al, 
2004; Casar et al, 2004). Thus, slow muscle fibers 
might transfer to predominantly fast muscle fibers. The 
percentage of fibers of each type in the muscle changes 
in accordance with the physiological properties such as 
contractile time, maximum shortening velocity, and 
fatigability. The soleus muscle is known as slow or red 
muscle. Kanda & Hashizume (1989) reported that the 
percentage of slow-twitch fibers increased with aging. 
However, some workers reported that the percentage of 
fast-twitch fibers increased with aging (Silbermann et 
al, 1983). In addition, Frontera et al (2000) report- 
ed a little change in the percentage of fibers of different 
types with aging. Pette & Staron (2000) indicated that 
aging was associated with a shift in type IL B to IL A to 
IX and to I . Even in the same muscle of the same 
age, the percentage of fibers of different types varied 


with exercise and pathological conditions (Bodine et 


al, 2001). 

The different results by investigators caused other 
researchers to examine the spatial distribution of mus- 
cle fibers of different types in a limited small area of 
the muscle cross-section (Staron et al, 1999; Mattson 
et al, 2002). The purpose of the present study was to 
investigate the growth-related changes in the number 
and spatial distribution of fibers of major types in whole 


muscle. 


1 Materials and Methods 


1.1 Experimental animals 

Male Sprague-Dawley rats aged 2 days, 2, 4, 
6, 8, and 10 (adult) weeks (body weight 10, 32, 
95, 190, 280, and 320 g); Male Chinese domestic 
rabbits aged 2 days, 2, 4, 8, 12, 16, 20, and 24 
(adult) weeks (body weight 100, 220, 400, 750, 
1 200, 1600, 2 100, and 2 500 g); six animals of 
each age group were used in the present study. 

Rats were anaesthetized with an intraperitoneal 
(i.p.) injection of compound anaesthetic (0.1 mL/ 
100 g body mass) and rabbits were anaesthetized with 
an intravenous (i.v.) injection of 2596 urethane (1 g/ 
kg body mass). The soleus muscles were dissected bi- 
laterally and cut from their tendons. After measuring 
the muscle length, each muscle was immersed in OCT 
compound (Tissue-Tek, Tokyo, Japan) and frozen in 
isopentane precooled in liquid nitrogen ( - 196 ©). 
The frozen muscles were stored at — 80 C overnight. 
Three 10 um thick cross-sections and one 10 um thick 
vertical-sections were cut serially at the mid-point level 
of the muscle length using a cryostat (Leica CM1800, 
Germany) at - 20 C. The first cross-section and the 
second vertical-section were for SDHase ( Chen & Zhu, 
2003). Two of the four consecutive sections were 
preincubated in a reaction solution for mATPase (pH 
4.35 and 10.30) and stained with ammonium sulfide 
solution (Zhu & Zhang, 1994). Sections were cut 
and stained on the same day to avoid any possible loss 
of enzyme activity . 

1.2 Enzyme histochemistry 

The rat and rabbit tissues were respectively 
stained by the following histochemical methods : mATP- 
ase after acid (pH 4.35) and alkaline (pH 10.30) 
preincubation according to Zhu & Zhang (1994) and 
SDHase according to Chen & Zhu (2003). The stain- 
ing pattern of T, IX, IA and [IB fibers after the 
SDHase histochemical reaction modified by Chen & 
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Zhu (2003) is demonstrated on the basis of the color 
contract of nitro dark blue. Other intermediate types 
between type |, IX, IA and [B were classified 
into four with reference to the slides treated with 
mATPase and ammonium sulfide solution. 

For muscle fiber counting all reacted sections were 
examined by light microscopy ( Axiomat, Zeiss, 
Oberkochem, Germany) at a x 100 magnification and 
the resulting random fields were displayed on the moni- 
tor of a personal computer by means of a video camera 
attached to the microscope. The histomorphometric 
measurements and counts were performed with a pen 
linked to the personal computer using a semiautomatic 
image analysis system (LUCIAM, Nikon Laboratory 
Imaging, Prague, Czech Republic). To minimise the 
occurrence of operator-dependent errors the cross sec- 
tions were analysed by 3 experienced investigators . 
More than 300 muscle fibers in 3 random fields were 
counted in each section. After comparison of the serial 
sections stained with SDHase and mATPase under acid 
(pH 4.35) and alkaline (pH 10.30) preincubation, 
the muscle fibers were classified into types I and Il. 
Differentiation into type [I X/ [[ D fast twitch oxidative 
fibers, type [] A fast twitch oxidative glycolytic fibers, 
type [] B fast twitch glycolytic fibers, was performed 
on sections stained for SDHase activity . 


2 Results 


2.1 Staining with SDHase and metachromatic dye 

Based on staining with metachromatic dye, three 
fiber types of rat and rabbit soleus muscles during dif- 
ferent stages of postnatal development were identified 
on the same slide except type [[ B (Figs.1 - 28) . Type 
l showed diffuse oxidative enzyme activity or blue, 
II X coarse network distributed in subsarcolemmal re- 


gions or darker blue, and [[ A characteristic subsar- 


Table 1 Fiber type composition in soleus muscle of rats and rabbits at postnatal development 








colemmal accumulations of reaction product or light blue. 
2.2 Distribution and cross-sectional areas of 
fibers of different types 

In the soleus muscles of the rats and rabbits 
(Table 1), type I, I[X and [[ A were present, but 
type [I B could not be detected in any age. The soleus 
muscles were composed predominantly of type I with 
some type [| A and a few type [IX fibers in all ages 
except postnatal 2 days. The number of type I fibers 
increased gradually and had uniform distribution that 
there was less regional variation with ageing. On the 
other hand, type [[A fibers were located at the central 
and deep regions in rats aged 4 to 6 weeks and rabbits 
aged 4 to 12 weeks. Both the number and distribution 
of type [[ A fibers showed a little or no change in rats 
aged 8 to 10 weeks and rabbits aged 16 to 24 weeks. 
A few type [I X fibers were scattered throughout the 
muscle of rats aged 2 to 6 weeks and rabbits aged 2 to 
8 weeks, and decreased in number markedly in both 
rats and rabbits with aging. In elderly rats and rab- 
bits, type I fibers were dominant in the soleus mus- 
cle while only a few type [] A and [] X fibers were pre- 
sent and became restricted to the superficial region with 
growth. 

The morphometric analysis of the muscle fibers in- 
dicated the fiber type and fiber size were closely corre- 
lated to the postnatal development of rats and rabbits 
(Table 2). In addition, the same morphometric of mo- 
saic patterns of three types were observed in all mus- 
cles. The type [] A fibers were found to have the 
largest diameter, type I intermediate and type [[ X 
the smallest. The mean cross-sectional areas of fibers 
of three types in rats and rabbits increased markedly 
with postnatal growth. Mean cross-sectional area of 
fibers of each type in rabbits was larger than that in 
rats. 


(Mean + SD , 96) 











Rat Rabbit 
Ai Ced) Left side Right side Age (week) Left side Right side 

I Ix IA I IX IA I lix IL A I 1x Il A 

2 (d) 0 0 0 0 0 0 2 (d) 0 0 0 0 0 0 
2 6115 1243 2744 62+6 1042 28+4 2 53+8 17+2 3043 5345 1943 2843 

4 64214 1142 25:3 6446 9+2 27 +3 4 54:25 1423 3244 5443 1842 2842 

6 65+3 1142 2444 66244 9+3 25 +6 8 56+3 1441 3043 57:5 1643 2744 

8 67+6 10:23 2345 6745 742 2645 12 58+4 13:22 2942 5643 1342 3143 

10 6816 8+2 2413 7045 6+3 24 +4 16 59+3 12+1 2945 5844 ll+2 3142 

20 60+5 12+2 28+3 59+2 ll+1 30+4 





24 63+2 10+2 27+2 6244 10453 28+3 
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Table 2 Muscle fiber cross-sectional area of soleus of rats and rabbits at postnatal 


























development (Mean + SD, um?) 
Rat 
Left side Right side 
Age (week) 
I 1x TA I Ix IL A 
2 (d) 0 0 0 0 0 0 
2 192 + 31 61 + 16 347 x 47 192 + 29 73 x21 391 x 41 
4 247 x 29 104 x 25 525 x 21 265 + 32 134+ 19 595 + 38 
6 425 + 42 198 + 29 1 074 x 45 523 x 36 235 x33 1 168 + 35 
8 795 + 38 289 + 37 1 432 + 36 770 + 45 310+42 1 668 + 37 
10 1 138 +35 476 x 35 2 217 x 39 1 039 x 18 498 x 37 2 410 x 26 
Rabbit 
Left side Right side 
Age (week) 
I Ix IA I Dx IA 
2 (d) 0 0 0 0 0 0 
2 201 + 31 134 + 26 395 x 35 195 x 30 145 + 23 357 + 33 
4 433 x 40 191 x 25 635 + 42 384241 205 + 18 595 + 45 
8 725 + 37 387 + 32 1 147+ 28 697 + 19 399 + 26 1 087 + 38 
12 925 x 31 503 + 34 1 428 x 46 993 x 38 554 x 29 1 440 x 35 
16 1 188 +29 698 + 27 1 821 +43 1 202 + 37 727 + 32 1 903 + 26 
20 1 508 + 41 924 + 32 2 425 +45 1 549 x 43 971 x 4l 2 525 + 48 
24 1 763 + 47 1 138 + 37 2 709 x 41 1 803 x 46 1157239 2 810 x 39 





3 Discussion 


In the present study, the fibers of skeletal muscles 
in rats and rabbits were classified into three major types 
I, IX and [[ A on the basis of the histochemical 
staining patterns. Type lI X fibers were difficult to dis- 
tinguish from type I fibers even stained with mATPase 
under different pH values during preincubation ( Denar- 
di et al, 1993; Pette & Staron, 2001). Brooke & 
Kaiser (1970) found type [I C fibers stained with 
mATPase, which were identified as a transitional type 
between [| and |[ A. More recently, in addition to 
type I, IX, [A and [B, other transitional types 
such as I/IIX, [X/I[A and IL A/ IL B were co-ex- 
pressed by the corresponding myosin heavy chain ( My- 
HC) isoforms (Klitgaard et al, 1990). Several con- 
secutive sections are needed to identify each muscle 
fiber type with different MyHC isoforms. For the pur- 
pose of analysing the spatial distribution of muscle 
fibers in the X-Y coordinate, three fiber types or four 
fiber types should be identified in the same slide. The 
modified method used in the present study allowed iden- 
tification of three fiber types after stained with SDHase. 

Most types of muscle fibers in animals showed re- 
gional variations in distribution. The results of present 
study showed that type I and TX fibers located at the 
whole cross-section of the muscle, while type |I A 
fibers were mainly at the central and deep regions dur- 
ing childhood. Both the number and distribution of 


type I] A fibers showed a little or no change with aging. 
Acosta & Roy (1987) suggested that a high percentage 
of type I was found in the deep region compared to the 
superficial region. The result of present study disagreed 
with Acostas’ suggestion but well agreed with those of 
other workers (Fuentes et al, 1998; Zhu, 2003a, 
b). Two regions within the same muscle showed differ- 
ent percentages of fibers of different types. For fulfill- 
ing two different motilities in one muscle, the inter- 
tendons, nerves and vessels are regionally segregated to 
the superficial and deep regions with aging. Mainte- 
nance of posture is accomplished by the steady contrac- 
tion of type I fibers located at the deeper region of the 
muscle. These fibers are more fatigue-resistant and less 
powerful than the fast type fibers. When the muscle 
performs faster and stronger contractions beyond the 
limits of type J] , fast muscle fibers such as type lI X 
(FO), HA (FOG) and II B (FG) might be subse- 
quently recruited. Muscle contraction might propagate 
within the same muscle from the deep to the superficial 
regions. Type | fibers near a joint might contract for 
articular control, and these contraction extend to the 
distal region for further control of articular endurance. 
In this regard, previous studies have demonstrated that 
the number of type I fibers in the deep region may 
contribute to postural control and articular endurance, 
while type |I fibers could be related to power and speed 
of movement (Gil et al, 2001) . Our experimental re- 
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Figs.l -12 Cross-section and vertical-section of muscle fibers of the rat soleus muscles at postnatal 2 days (1, 2), 2 weeks 
(3, 4), 4 weeks (5, 6), 6 weeks (7, 8), 8 weeks (9, 10) and 10 weeks (11, 12) ages, slained with 
SDHase. x 200-400 
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Figs.13- 28 


Cross-section and yertical-section of muscle fibers of the rabbit soleus muscles at postnatal 2 days (13, 14), 
2 weeks (15, 16), 4 weeks (17, 18), 8 weeks (19, 20), 12 weeks (21, 22). 16 weeks (23, 24), 
20 weeks (25, 26), 24 weeks (27, 28) ages stained with SDHase. x 200 — 400 
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sults sustain this hypothesis. 

The soleus muscle is frequently considered unusu- 
al in its fiber composition, metabolic and contractile 
properties (Maltin et al, 1989; Andruchov et al, 
2003). The muscle is situated deep the medial and 
lateral heads of the gastrocnemius muscle and together 
they constitute the triceps surae. The function of the 
triceps surae is flexion of the knee and extension of the 
ankle joints. Considering the triceps surae as one u- 
nit, the soleus muscle presents the deep portion of 
these muscles. The high proportion of type I in the 
soleus muscle changes more with growth whereas no 
II B is observed, a mixed highly oxidative muscle. 
This is in accordance with previous results showing no 
I B expression in the deep red portion of rats and rab- 
bits soleus muscle (Pellegrino et al, 2003). In the 
soleus and the plantaris muscles, type I fibers were 
homogeneously distributed throughout the cross-sections 
of the muscles. Both of the muscles constitute the 
deep compartment of the triceps surae and the stronger 
flexor muscles of the lower leg. In large quadrupeds 
such as horses and cattle, limb muscles may control 
posture allowing suspension of body weight during 
sleep. Their muscle fiber composition changes less by 
aging and exercise. 

Type | fiber in rat and rabbit skeletal muscles 
are generally more sensitive to Ca?* than type I fibers 
(Mounier et al, 1989). Myofibrillar Ca?* sensitivity 
is determined mainly by the regulatory proteins 
tropomyosin and troponin (Piquet et al, 1997). 
Moreover, higher Ca?^* sensitivity can be caused by a 
higher ratio between the rates of myosin head attach- 
ment and force generation versus detachment to/from 
the actin filament. In the present study, type [| 
fibers were associated with higher Ca?* sensitivity, 
which was in accordance with predictions. Thus, the 
different kinetics of two slow MHC (muscle heavy 
chain) isoforms could be responsible for the differences 
in Ca?* sensitivity of type I fibers in soleus moscles of 
rat and rabbit. Furthermore, postnatal translational 
modification of myofibrillar proteins must be considered 
as a possible modifying factor for calcium sensitivity of 


force generation. As to spatial distribution, muscle 
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